Order-disorder phase transitions induced by thermal annealing have been studied in the ordered-vacancy compound ZnGa 2 Se 4 by means of Raman scattering and optical absorption measurements. The partially disordered as-grown sample with tetragonal defect stannite (DS) structure and I-42m space group has been subjected to controlled heating and cooling cycles. In situ Raman scattering measurements carried out during the whole annealing cycle show that annealing the sample to 400ºC results in a cation ordering in the sample leading to the crystallization of the ordered tetragonal defect chalcopyrite (DC) structure with I-4 space group. On decreasing temperature the ordered cation scheme of the DC phase can be retained at ambient conditions. The symmetry of the Raman-active modes in both DS and DC phases is discussed and the similarities and differences between the Raman spectra of both phases emphasized. The ordered structure of annealed samples is confirmed by optical absorption measurements and ab initio calculations that show that the direct bandgap of DC-ZnGa 2 Se 4 is larger than that of DS-ZnGa 2 Se 4 .
INTRODUCTION
Zinc digallium selenide (ZnGa 2 Se 4 ) is one of the most studied, and probably one of the most controversial semiconductors of the adamantine-type tetrahedrally- Unfortunately, the structure of ZnGa 2 Se 4 at ambient conditions is difficult to identify by x-ray diffraction because Zn and Ga atoms have similar x-ray scattering factors and both S.G. I-4 and I-42m have the same crystallographic extinctions. Consequently, neutron scattering measurements are more suitable to determine the crystalline structure of this compound since the coherent nuclear scattering lengths of these two atoms are not so similar.
As observed in Fig. 1 
EXPERIMENTAL DETAILS
The disorder of the DC structure with the increase of the Zn content has been studied carefully on Zn We have tried to perform calculations for the DS phase model 2 with a supercell, but, unfortunately, these calculations become very time consuming and the symmetry of the structure after relaxation does not correspond to that of the original DS phase. In In order to include the LO-TO splitting in our study, we need to add the effect of the electric field that is not included in the previous direct force method. To obtain the LO-TO splitting with VASP we need to use the supercell method so that the dynamical matrix can be supplemented with a non-analytical term, which depends on the Born effective charge tensors and the electronic dielectric constant. With this approach, we did the calculation with VASP using different supercell sizes for one volume (or pressure) and found that the CPU time increased severely if an exact solution close to the Γ point is required. However, we checked that similar TO and LO phonon frequencies at the Γ point, but with a much less CPU time, were found using Density
Functional Perturbation Theory (DFPT) [38] with the Quantum Espresso package [39] .
In this software, we added the non-analytic term, due to the long-range interaction, using the response of the system to the electric field, which allows us to obtain the LO-TO splitting near the Γ point. Therefore, we can calculate the pure B and E modes with TO and LO splitting. In this context, we used ultrasoft pseudopotentials with a cutoff of 60 Ry and a k-mesh of (4 4 4) in order to obtain well converged results. Moreover, the same exchange correlation energy prescription was used in the total energy and lattice dynamics DFPT calculations. Therefore, in the following we will only present theoretical results for Raman-active modes including the LO-TO splitting based on DFPT with the Quantum Espresso package.
RESULTS AND DISCUSSION
A. Raman scattering measurements.
According to group theory [40], the DC structure of ZnGa 2 Se 4 should have 21
vibrational modes at Γ with the following mechanical representation:
where A modes are non-polar modes, and B and E modes are polar modes, E modes being doubly degenerated. This results in a total of 13 Raman-active modes (3A ⊕ 5B ⊕ 5E) and 10 IR-active modes (5B ⊕ 5E) since one B and one E are acoustic modes. On the other hand, the DS structure of ZnGa 2 Se 4 (assuming it corresponds to either models On the other hand, we have to note that both DC and DS compounds are optically uniaxial, which means that, except for incidence along the optical axis or at 90º from it, symmetry or character coupling is to be expected can be observed that the 225 cm -1 is more clearly defined, most of the Raman peaks sharpen, and also a strong band near 190 cm -1 develops. Finally, on cooling down to RT it can be observed that the Raman features developed because of annealing remained, sharpened, and shifted to higher wavenumbers. In the following we will discuss the observed changes and we will propose that these changes in the Raman spectrum evidence the change from the DS to the DC structure in ZnGa 2 Se 4 . Before starting to describe in more detail the results of the Raman scattering measurements performed in DC-and DS-ZnGa 2 Se 4 we would like to make some additional comments regarding the Raman spectrum of DS-ZnGa 2 Se 4 in Fig. 3 . First of all, we must note that the number of Raman-active modes we have measured in DSZnGa 2 Se 4 is comparable to those of previous measurements though in some cases our assignments differ from those of other authors (see Table 1 ). The similarity between both DS and DC structures is evidenced in the fact that only one A-type mode is lost when going from the DC to the DS structure (models 1, 2, and 3). We identify the A 2 mode of the DC phase as the one located near 190 cm -1 , which is absent in the DS sample and which, according to polarization measurements and lattice dynamics calculations (see below), has A-type symmetry. Therefore, the relative decrease of the intensity of this mode with respect to the intensity of the strongest A 1 mode can be taken as a measure of the degree of the cation disorder in the DC structure leading to the DS structure.
We also want to comment that Raman spectra presented in this work may also look slightly different to those previously reported. This has two explanations: the first one is the high sensitivity of the ZnGa 2 Se 4 spectrum to the excitation wavelength due to resonance effects [30] ; the second one is the varying degree of structural disorder found in different works, depending on the synthesis method, as already commented. In this context, our spectra for the DS phase (λ exc = 633 nm) could look much similar to those to structural disorder. Similarities and differences of our Raman spectra and those of previous works will be discussed in detail from now on.
A.1. Raman spectrum of DS phase
We will begin by describing the symmetry assignment of the Raman-active modes for the DS sample. Assignment has been made by combining polarized Raman measurements and lattice dynamics calculations. When an unequivocal assignment has not been possible due to the poor resolution of the Raman spectra of the DS phase, calculations have helped to identify the symmetry of the modes. We have marked in these spectra, which we have attributed to the E 3 mode in both DS and DC phases. In non-polarized spectra this mode is partially hidden by nearby modes (see Fig. 3 ). 
(TO), B(TO), E(LO) or B(LO), is
due to the fact that we have measured in backscattering geometry with the incident and outgoing radiation along the (111) direction (see Table I ). Furthermore, our assignment of the two modes of higher frequency in the DS phase to partial B 2 symmetry is in good agreement with the rather strong oscillator strength measured for these modes in DC- 
A.2. Raman spectrum of DC phase
As regards the assignment of the Raman modes in the DC phase, we have marked at the bottom of Fig. 3 We have to note that neither our frequencies for DC-ZnGa 2 Se 4 nor those of Refs. In the following we will try to justify our assignments for the symmetry of the Raman modes observed in DC-ZnGa 2 Se 4 (see Fig. 3 ). The first thing we can comment on is that there is a much better agreement between the theoretical and experimental frequencies of the Raman-active modes for the DC phase than for the DS phase. The better agreement is found not only in the low-and medium-frequency regions but also in the high-frequency region where the experimental-theoretical absolute deviations are larger.
As regards the Raman modes of the low-frequency region, the agreement with calculations is remarkable and the symmetry assignment of the Raman modes in these Table 2 ). The largest deviations of theoretical calculations from experiments in this region correspond to the A 2 and A 3 modes whose predicted (observed) frequencies are 183 (188) and 197 (208) cm -1 , respectively (see Table 2 ). We have assigned the Raman can be clearly observed [15] . In that work, the top spectrum is quite similar to our spectrum for DC-ZnGa 2 Se 4 showing a small broad band due to certain disorder. The middle spectrum shows a broadening of all bands and the broad band near the A 2 mode is of the same intensity of the A 2 mode indicating a strong disorder in this area of the sample. Finally, the bottom spectrum in Ref. 15 In general these high-frequency modes were not assigned to mixtures of E and B modes in the previous literature despite the fact that they should show this mixed character except when measurements are performed along high symmetry directions, as already commented.
In summary, the main differences between the Raman scattering spectra of DC and DS phases at ambient conditions are: i) Raman modes of the DC phase are sharper than those of the DS phase, in good agreement with the higher cation order in the DC phase than in the DS phase; ii) the silent mode (A 2 ) is disorder-activated in the DS phase and remains as a broad band in the DC structure, indicating incomplete cation order; iii)
three A modes are detected in the DC phase while only two A modes are detected in the DS phase.
B. Optical absorption measurements.
In this section we will show that additional support to the distinction between DC and DS-ZnGa 2 Se 4 comes from the comparison of the optical absorption spectra of both phases. The enlargement of the unit cell volume due to disorder produces the decrease of the direct bandgap energy. This effect is contrary to the effect of increasing pressure, which leads to a decrease of the unit cell volume, and consequently yields a larger overlap of cation and anion orbitals, and usually to an increase of the direct bandgap energy with increasing pressure. In our previous study of CdGa 2 Se 4 , we measured a considerable decrease of the pressure coefficient of the direct bandgap between DC and DZ phases [35] . In this respect, we must note that further evidence of the difference between DS and DC phases of ZnGa 2 Se 4 is given by the different pressure coefficient of the direct bandgap measured in both DS and DC phases which will be published elsewhere.
V. CONCLUSIONS
We have performed Raman scattering and optical absorption measurements in defect stannite (DS) ZnGa 2 Se 4 subjected to controlled thermal annealing. We have found that an ordering of the cation substructure occurs during heating to 400ºC after 10 h leading to the crystallization of the defect chalcopyrite (DC) structure. We have shown that the DC structure can be retained on cooling at ambient temperature at a rate 
